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SUMMARY

Under the Office of Naval Research(ONR) Grart No.N00014-84-K-0610, the
University of the District of Columbia(UDC) has undertaken a basic research on
dynamics of marine atmospheres in tropical cyclones with an objective cf
improving understanding of turbulence in cyclone vortices and efficiency of
computer simulation for transfer of heat, moisture and momentum in marine
planetary boundary layers of tropical cyclones. For this objective, UDC has
performed the following four phases of effort:

I. Develop a mathematical model, using the second
order turbulent closure equations, for simulating
rlanctary boundary layers of tropical cyclones
over the sea surface.

II. Calculate velocity, enthalpy and moisture dis-
tributions in planetary boundary layers of tropical
cyclones over the sea surface.

IZI. Develop and instrument a laboratory vortex
chamber for measuring the air/water interface

turbulence and heat, moisture and momentum
transfer.

IV. Develop a graphics-oriented interactive
finite-element computer model to simul-=te
transfer of heat, moisture and momentum
in marine planetary boundary layers of
tropical cyclones.

In this report, results of these four phases of effort are presented; and

conclusions of this research program and recommendations for further research
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I. INTRODUCTION

The structure, evolution and motion of tropical cyclones are controlled
by complex interaction of microscale, convective, mesoscale and synoptic
processes. Convergence of moisture in the planetary boundary layer is a
primary mechanism for organization of the convection in the inner core of an
intense tropical cyclone. The convection, in turn, provides the diabatic
heating necessary to sustain intensity of the tropical cvclone. Recent
advances in turbulent modeling and compu:ational techniques have made it
possible to simulate simultaneous effects of numerous parameters on dynamics
of tropical cyclones.

Under the Office of Naval Research(ONR) Grant No. N00014-84-K-0610, the
University of the District of Columbia(UDC) has undertaken a basic research on
dynamics of marine atmospheres in tropical cyclones with an objective of
improving wunderstanding of turbulence in cyclone vortices and ‘efficiency of
computer simulation for transfer of heat, moisture and momentum in marine
planetary boundary layers of tropical cyclounes. For this objective, UDC has
performed the following four phases of effort:

I. Develop a mathematical model, using the second
order turbulent closure equation, for simulating
planetary boundary layers of tropical cyclones
over the sea surface.

II. Calculate velocity, enthalpy and moisture dis-
tributions in planetary boundary layers of tropical
cyclones over the sea surface.

III. Develop and instrument a laboratory vortex
chamber for measuring the air/water interface
turbulence and heat, moisture and momentum
transfer.

IV. Develop a graphics-oriented interzctive
finite-element computer model to simulate
transfer of heat, moisture and momentum in

marine planetary boundary layers of tropical
cyclones.




In this report, a mathematical model, using the second order turbulent
closure equations, for simulating planetary boundary layers of tropical
cyclones over the sea surface is described in Secticn 2. Results of calcu-
lated velocity, enthalpy and moisture distributions in planetary boundary
layers of tropical cyclones over the sea surface are presented in Section 3.
To increase confidence in the theory, calculated results are compared with
laboratory test data in section 4. Development of a graphics-oriented inter-
active finite-element computer program for simulating the vortex flow consti-
tutes a major effort in a latter part of this research program; and it will be
detailed in Section 5 of this report. Conclusions of this research effort and
recommendations for further research on dynamics of marine atmospheres in
tropical cyclones are given in Section 6.

2. A MATHEMATICAL MODEL FOR SIMULATING

VORTEX PLANETARY BOUNDARY LAYERS

Figure 1 shows schematically a vortex marine planetary boundary layer.
The situation presents many interesting features which include the boundary
layer heat, moisture and momentum transfer; turbulent energy production,
dissipation and diffusion; strong influence of the gravitational, Coriolis and
centrifugcal forces; and influences of the air/sea interface roughness and
liquid droplets entrainment. Under Phase I effort of this research program, a
mathematicgz model, using the second order turbulent closure equations, for
simulating planetary bocundary layers of tropical cyclones over the sea surface
has been developed.

Previous discussions of the turbulent transpo~t theory (e.g., see
Harlow and Hirt, 1969; Mellor and Yamada, 1974; and Leweller, 1981) yielded
equations in rectangular coodinates for the turbulent stresses components and
flux moments. For simulating the vortex marine planetary boundary layers, it

is more convenient to use the cylindrical coodinates. Under Phase I effort of
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this program, a second-order turbulent transport theory which uses the
cylindrical coordinates and accounts for special features which are described
in the preceding paragraph is derived. Details of derivation of the theory
are described in Chi (1986); but a brief summary of the theory and its
resultant equations are presented below in this section.

Starting from instantaneous conservation equations, mean equations of
motion, and balances of energy and moisture for turbulent vortex flows were
first derived. Transport equations for turbulent stress components, and
enthalpy and moisture flux moments were then derived. Closure assumptions
formulated by Chou (1945), Launder, Reese and Rodi (1975), and Lumley and
Newman (1977) were finally used to complete the closure. In conclusion, a
mathematical model for simulating vortex planetary boundary layers has been
developed.

The coordinates are chosen so that z axis is vertical, and r axis is in
the radial direction and ¢ is the azimuth angle. Equations governing mean

motion ané balances of mean enthalpy and moisture concentration can be written

as:
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In these equations, u, v and w are the mean velocity components in the r,
¢ and z directions; t is the time, P the mean pressure, h the mean moist
specific enthalpy which is defined as (s+qu), and g the mean total moisture
mixing ratio which is defined as (qv+ql). Here, s is the mean dry specific
enthalpy which is defined as Cp[T-(To-gz/Cp)], L the water latent heat of
vaporization, Cp the constant pressure specific heat, T the temperature, T
the standard temperature, q, the water vapor mixing ratio, q, the liquid water
mixing ratio, g the gravitational acceleration, f the Coriolis parameter, s,
the virtual dry specific enthalpy which is defined as s(1+1.609qu -gq), ¢, the
standard density, € the thermcl expansion coefficient which is defined as

[1/(CPT°)]' Ve the turbulent kinematic viscosity, and oy the turbulent Prandtl

number, and “h the turbulent Schmidit number.
Irn equations 1 through 6, the turbulent viscosity value v, can be
calculateéd fror the turbulent kinetic energy k and dissipation‘ € values as

follows:

Ve T C\fkc_2 )

and values for k and ¢ in equaticn (7) can in turn be calculated by the

equations:
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In quations (8) and (9), the virtual dry specific enthalpy value sv value is
related to the mean moist specific enthalpy h and mean total moisture mixing

ratio g values by the equations:
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where y and £ are equal to (L/Cp)(aq/aT) and (CpT/L), respectively.

Equations (1) through (11) with appropriate initial and boundary
conditions now constitute a complete equation set which may be soclved to
simulate marine planetar, boundary layers of tropical cyclones.

3. HEAT, MOISTURE AND MOMENTUM DISTRIBUTIONS
IN VORTEX BOUNDARY LAYERS
The turbulent models discussed in Section 2 above can be used to simulate

the marine planetary boundary layer of tropical cyclones. As an example, a




simple case which will first be considered is that the flow is quasi-steady
and axisymmetrical and that the boundary layer thickness is much less than the
vortex radial length (i.e., for a region of the vortex boundary layer far away
from the vortex center). Governing equations for this problem can be derived

from equations which are discussed in Section 2 above and they may be written

as:
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A finite difference numerical procedure has been developed and a computer
program has been written for solving the above set of equations with
appropriate vortex boundary conditions to simulate the transfer of heat,
moisture and momentum in turbulent vortex flows over the water surface.
Details of this development has been published by Chi (1987), and a reprint of
the paper is appended to this report (see Appendix A).

As an example, the computer results for a hypothetic tropical cyclone
under conditions shown in table 1 are presented and discussed below:

TABLE 1

Maximum tangential Wind v+ at 1 km Alt’ tude 52 m/s




Radius at Which Max. v+ Occurs 40 km

Temperature at 1 km Altitude 273 K
Coriolis Force Coefficient 1:-(10_5 s-]
Temperature at Sea Surface 288 K

Figure 2 shows distributions of radial and tangential components (u+ and
v*) of the cyclone mean velocity at the 1-km altitude. Radial and tangential
components (u and v) of the boundary-layer velocity are plotted versus height
2 at several radii r in figure 3 and 4, respectively. Values for the
vertical-velocity component w, at the 1-km altitude are plotted in figure 5.
The boundary-layer specific enthaly (h—h+) and moisture ratio (g-q,) values
are plotted versus height z at several radii in figures & and 7, respectively.
Figure 8 show a distribution of the boundary-layer turbulent kinetic energy.

Several interesting marine vortex boundary layer characteristics can be
observed from these figures. For the region far above the ground (i.e., at
high altidude), it can be seen in figure 4 that tangential velocity dominates.
The balance of force for this region is, therefore, a balance of pressure
gradient and combination of the centrifugal and Coriolis forces. Near the sea
surface. retardation of the tangential velocity can be seen in figure 4. This
retardat’on 1is accompanied by a reduction in centrifugal and Coriolis forces.
The balance of pressure, centrifugal and Coriolis forces is thereby destroyed.
The flow in this region is then characterized by entrainment of the flow into
the boundary layer as indicated by the large induced radial velocity shown in
figure 3 and the induced downward flow (i.e., negative w, values) shown in
figure 5. Fiqgures 6 and 7 show large enthalpy and moisture values at vicinity
of the sea surface and their decreased values at large altitude. Advection
diffusion of the turbulent energy in the boundary layer can be observed from
distribution of k values shown in figure 8.

Detailed measurement of the boundary-layer values in tropical cyclone is

10
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difficulty if not impossible. A laboratory vortex chamber with air/water
interface has been built at UDC. Some UDC test data are presented and dis-

cussed in the next section of the report.

4. COMPARISON OF CALCULATED RESULTS WITH
LABORATORY TEST DATA

In order to establish confidence in the computer simulated results,
measurements of the turbulent vortex flow have been made on a UDC vortex
chamber. Figure 9 shows a schematic diagram of the UDC vortex chamber. The
chamber overall dimension is 55-cm diameter by 90-cm high. It generates an
air vortex of 30.48-cm diaméter by 14-cm high. The vortex is generated by
forcing air through 24 evenly spaced vanes of 15-cm high placed on a 30.48-cm
diameter pitch circle. The swirling air discharges from the chamber through a
3.81-cm diameter hole located at center of the chamber's top disk. Bottom of
the swirling air is in contact with a pool of water which can be maintained at
a constant depth and at desired temperatures. The chamber is instrumented
with both the TSI hot-film anemometer and laser doppler velocimeter. aAn IBM
PC has been used for online data acquisition and processing.

Figure 10 shows an example of the measured radial u, and tantengial v,
components of air velocity in the main vortex flow outside the boundary layer.
Also can be seen in this figure is that u, and v, values for this vortex flow

can be correlated accurately by the equations:

(us)_r_ 2.506v, (26)
u+ = - {1-exp[- ?;:j:;:(;;) 1}
1.4v 1 r .2 .
ve = r“‘ LY exp[-1.253(=) ]} : (27>
m
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where suffix + represents values at vortex main flow, suffix « represents
values at large radius, and suffix m represents values at a position in the
main flow where the vortex tangential velocity is maximum.

Measurements in the boundary layer have so far been made only with the
hot-film probe for the air flow over solid end walls. Results of the measured
radial u and tangential v value; inside the vortex boundary layers on the
smooth and rough end walls are shown in figures 11 and 12, respectively. For
comparison, computer simulated results under same conditions as experiments
are also plotted in these figures. Excellent agreement between theory and
experiments can be seen in these figures.

5. A GRAPHICS-ORIENTED INTERACTIVE SIMULATION MODEL

FOR TRANSFER OF HEAT, MOISTURE AND MOMENTUM

Trhe last phase of effort under this program was spent in developing a
graphics interactive turbulent simulation computer program based upon the
Galerkin's finite element method. A peculiar feature of the finite-element
method 1is the division of domain into a finite number of elements. A set of
basis functions is locally defined over each element so that one only needs to
consider the governing equations for individual elements. After the element
equations are obtained, a simple assembly of these equations over all the
elements yields the global system cf equations. Since the shape and size of
individual elements are very flexible, 1local refinement of resolution can .be
easily obtained for regions of strong gradients. Irreqularly shaped domains
can also be easily divided into elements without coding difficulties. These
flexibilities of the finite-element method make it especially wuseful for
modeling heat, moisture and momentum transport in the marine boundary layers
for which mesh nesting and complex interactions are important. In addition,
ability of discretization allows easy interfacing of the finite element

computer program with the interactive graphics software. The author and his

21
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co-workers have been developing under this Grant a finite element analysis
computer program for simulating three dimensional tranportation of momentum,
moisture and enthalpy, and have so far obtained solutions for the one- and
two-dimensional problems. In additiqn, the UDC's finite-element computer
programs have been interfaced with the PDA's PATRAN graphics-oriented software
package. This interface has allowed PATRAN to be used for model creation and
results presentation under an interactive graphics-oriented environment and
the UDC's finite element computer program to be used for analysis.

For convenience of documentation, development todate of the graphics-
oriented interactive finite element computer program at UDC is presented
below in several sub-sections as follows:

Equations Under Consideration
Finite Element Formulation

Scolution Procedures and Computer Programming

. Interfacing of the UDC Finite-Element Programs with
the Graphics-Oriented PATRAN Modeling Pre- and Post-
Processor

Results and Discussion.
5.1 Equations Under Consideration
The equations under consideration are conservation equations derived in
Section 2 of the report. Limiting discussions in this section to problems of
momentum transfer in two dimensions and assuming constant turbulent viscosity,

the following governing equations in nondimensional tensor form may be ob-

tained:
W, ) y Y
M\Ui) == 'SY'.'(Uin + ;:-Péij - EZ'a'x'JT - ruzeu + Fulsﬁ)
= 0 (28)
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where suffices i and j follow the usual tensor rules, and their values are

either one or two for reference to nondimensional quantities in the x or y

direction. The nondimensional quantities in these equations in terms of
reference length and velocity v are defined as follows:
fir
Nondimensional Corrilis Component, F= < 31)
r
Nondimensional Pressure, P = ?%y— 32)
o r
v 1
Norndimensional Reynolds Number, Re = 1 (33)
t
Nondimensional Velocity in x-Direction, U = U] = ;u— 34)
T
Nondimensional Velocity in y-Direction, V = U2 = -vl- 35)
r
Nondimensional Distance in x-Director, X = X, = il 6)
r
Nondimensional Distance in y-Direction, Y = X2 = _22’__ 37)
r
tvr
Nondimensional Time, T = - (38)
r
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5.2 Finite Element Formulation

Construction of a Galerkin finite element algorithm is now to be made to
solve for the velocity components Ul (=U) and U2(=V) from equation (28). The
flcw domain to be analyzed is divided into small subdomains call finite ele-
ments. Governing equations are then transformed into finite element equa-
tions. Finally, the finite element equations are assambled into a global
system of equations which can be solved to yield simulation results for the
problem.

In the present analysis, rectangular finite elements are used to discreti-
zing the tlow domain. The rectangular elements have four nodes. The inter-
polating equations for velocity in an element shown in figure 13 can be

written as:

U (ryung) = NOry 0, ) {UL(R)) (39)

where

((1 -npQ1 - n))

AT RIS I
N(ny,n2) = %ﬁ ? (40)
ICRENIQIET IS

SOEER WIGREEW

and n,=X1/a=X/a and n,=X2/b=Y/b.
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FIGURE 13 SKETCH OF A RECTANGULAR FINITE-ELEMENT
DOMAIN
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Equation (39) expresses U and V values in terms of natural coordinates
and nodal wvalues UI which 1is equal to Ul or U2. Construction of finite
element solution algorithm for equation (28) subjects to several constraints.
It is firstly required to satisfy the boundary condition equation (30),
secondly to equate gradient of the convection part of equation (28) to zero

for controlling nonlinearly induced instability and dispersion error,i.e.,

al. 3l

) 2 i 1
M T m—— — =
Eigﬁ(Li) 3Xj(ar + Uj Xj) 0 (41

and finally to satify the panalty function which equates pressure to the

continuiy function define by equation (29), i.e.:
T(P) = P + x—d (42)

Application of the Galerkin weighted residue method to governing equation
(28) for individual finite elements with constraints of equations (30), (41)
and (42), and substitution of discretization equation (39) can now be made to

yield the element algorithm statement:

9]

O - 2 . \
J e{N}M(Ui)du BjIQe{N}EREM(Ui)d2+ fre{h}B(Ui)dT

+ f =Z-{N}n(P)da = 0 (43)
N X,
e 1
The resultant element contributions can be assempled into a global
system of ordinary differential equations with respect to the nondimensional

time t as follows:

[CIJ{UI}" + [KIJ{UI} + [KIJ]J{UJ} + {SI} 0 (44)

28




Here, [CI] is the capacity matrix, [KI] represents the convection operator in
equation (28), [KIJ] provides the complete cross-coupling between the nodel
{UI} and {UJ} values, and {SI} is any source term.
5.3 Solution Procedure and Computer Program UDCFLOW

An implicit finite-difference integration procedure is used to evaluate
numerically the ordinary differential equation set (44). With ¢, which is

within zero and one, as an implicit parameter, the differential equation set

(44) can be approximated by the algebraic equation set:

= P
FI = [c1] vIl | - UI_
P o3P P vgP P
CICEOTEE3 S LORRLs SLOPREIN ES STLORE LA LORRR IR & 100D

+ (1 - G)(AT)([KI]n{UI}n + [KIJ]n{UJ}n + {sz}n) (45)

Starting from guessed UI values, corrections for UI values can .2 calculated

using the Newton iteration algorithm:

P N S P 6
[J(FI)] evTy | (FI}_ .4 (46)
n+1
Iterated solutions can then be defined as:

P+l _ P IS :hd 47
{UI}n*1 {Ul}n+] + {6UI}n+] (47)
Here the Newton algorithm Jacobian is constructed as:

3{FI}
[J(F1)] YTIARY (48)

The process is repeated until a preset convergence criterion is met.
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A computer program UDCFLOW has been written using the above-described
finite-element algorithm and calculation procedure for evaluating distribu-
tions of U and V in X and Y domain & at different time 7. To facilitate the
use of the program, the UDCFLOW has been interfaced with the PDA's PATRAN
graphics-oriented modeling pre- and post-processors.

5.4 UDCFLOW and PATRAN Interface

UDCFLOW is a finite element computer program for simulating transient
flow of fluid in two dimensional fields. To facilitate efficient flow
simulation, the UDCFLOW has beern intergrated with the PATRAN software package
for graphic pre- and post-processing of the finite element analysis. The
PATRAN program provides an interactive, graphics-oriented environment for
creation of a geometric and finite-element model. A UDCPAT interface program
reads the PATRAN generated neutral file for the model and generates a data
file which may be used as inputs for the UDCFLOW finite element computer
program. Simulation results from UDCFLOW runs may be transferred back to
PATRAN for post-processing display. As an example, table 2 shows an example
of the PATRAN command set which has been used to generate the cyclone model
shown in figure 14.

TABLE 2
AN EXAMPLE OF PATRAN INTERACTIVE COMMANDS

FOR CYLONE MODEL GENERATION

START:
PATRAN
GO

PHASE I--GENERATE GEOMETRICAI MODEL:
GR,1,,0

GR,4,TR,12,1

GR,2/3,TR,0/10,1/4
LI,1/2,8T,,1/4,2/3

PA,1,2L,,1,2

SET,LINES,0

SET,CPLOT,ON

PA,A,REV
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(Table 2 Continued)
PA,1,LAB,,1/2

PHASE II--GENERATE ANALYTICAL MODEL:
GF,P1,G,25/21

CF,PA,QUAD

DF,P1,DIS,3/0/0/0/0/0,1
DF,P1,FORC,3/0/0/0/0/1,1,ED1T4

SET, LABELS, OFF
PM,1,TAN,1,10000,1,0,4(0)
PM,2,TAN,6(0.025),1000,0.5
PM,3,TAN,0,0.018,2,2,0.005,3(0)
PM,4,TAN,3(5),3,2(0),100000,30

PHASE III--CREATE NEUTRAL FILE:
INTERFACE

NEUTRAL FILE

CREATE OUTPUT

ENTIRE FILE

OUTPUT FILE

OUTPUT PHASE I,YES

OUTPUT PHASE 1I,YES

NEUTRAL FILE PATRAN.OUT CREATED
STOF PATRAN

PHASE IV--TRANSLATE NEUTRAL FILE AND UDCFLOW RUN:
RUN PATUDC
RUN UDCFLOW

PHASE V--POST~PROCESSING DISPLAY:
RESTART PATRAN

OUTPUT RESULTS

USE EXTERNAL DATA FILE

VECTOR PLOT

USE DATA OTHER THEN INDICATED
PLOT RESULTANTS

COMPONENTS 1 AND 2

USE UDCFLOW OUTPUT FILE RESULT.DAT
PLOT MODEL

PLOT GRAPHS
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5. Results and Discussion

The algorithm developed can theoretically be used to simulate the two-
dimensional atmospheric vortex. However, because of the vortex scale in
nature, supercomputer will be required to simulate the atmospheric vortices.

The author has so far used only the UDC's VAX-8650 computer for test runs of

the program UDCFLOW. Several test runs have been made for problems of
academic interests. Runs were first made for the one-dimensional fluid flow
and thermal diffusion problems. Several examples of these runs have been

presented and discussed in a paper by Chi, Berhanu and Ranje (1989) and a
reprint of the report is appended to the report (see Appendix B).

A very popular two-dimensional flow problem is the so-called driven
cavity, e.g., see Bozeman and Dalton (1973), Kawahara and Okamota (1976), and
Baker (1983). Figure 15 shows a sketch of the driven cavity with the nondi-
mensional lenct' by height being one by one. fThe cavity fluid is initially at
rest, and the top lid of the cavity is started impulsively with a velocity
which is used as the reference velocity v_. Reynolds number for the cavity
flow which is defined as (vrir/vt) is assumed to be 100. At the test run, the
flow domain is divided into a mesh of 20x2C. Figures 16 through 20 show
snapshots of the flow field at the nondimensional time (T) equal to 0.0, 0.4,
1.0, 3.0 and 5.0, respectively. It can be seen 1in these figures
that as time 1 advances from 0 to 3 penetration of the flow depth increases.
As time advances further from 1 equal to 3, there is little change in the
cavity flow. That is, steady state of the flow has been approached at T equal
to 3.

In conclusion, a general finite element computer program UDCFLOW has been
developed to simulate transient flow develpment in the two-dimensional domain.
The program has been integrated with the PDA's graphics-oriented PATRAN

software package for finite-element analyses pre- and post-processing.
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U=l., V=0
Re=100
1 u=0 u=0 U=0
V=0 v=0 v=D
‘ U=0. V=0
1
r‘ —

FIGURE 15 SCHEMATIC DIAGRAM OF A DRIVEN CAVITY
SHOWING INTIAL AND BOUNDARY CONDITIONS
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Runs of the program for several interesting problems have been made by
the author and his co-workers. Effort is now being made by the author for
accessing to Super-Computers to test applicability of the program to
full-scale tropical cyclones in atmospheres.
6. CONCLUSIONS

Under the ONR Research Grant No. N00014-84-0610, UDC has undertaken
a basic research on dynamics of marine atmospheres in tropical cyclones
with an objective of improving understanding of turbulence in tropical
cyclones and efficiency of computer simulation of tropical cyclones. For
this objective, UDC has performed the following four phases of effort:

I. Development of mathematical models for marine planetary
boundary layers of tropical cyclones over the sea surface.

II. Simulation of marine planetary boundary layers of tropical
cyclones over the sea surface.

I1I. Tests in laboratory of air vortex flows over the water surface.

IV. Development of finite element computer programs for simulating
marine planetary boundary layers of tropical cyclones.

Through these phases of effort, several accomplishments have been
made. A turbulent theory for processes of the transport of heat,
moisture and momentum in the marine planetary boundary layer has been
developed. The thecory uses the second-order turbulent closure model and
calculates the turbulent stress components, and enthalpy and moisture
fluxes. In addition, a simplified k-e¢ turbulent model is derived from
the detailed turbulent flux model to increase the calculation efficiency.
A computer program based upon the finite-difference numerical procedure
has been coded to calculate the turbulent transport of heat, moisture and
momentum in the marine planetary boundary layer of tropical cyclones.

To increase confidence in turbulence models and computer simulation,

a vortex chamber with air/water interface has been designed and set up in
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the UDC laboratory. The chamber has been instrumented with both the hot-
film and laser doppler velocimeter. Tests have so far been made only with
the hot-film anemometer and with air/solid-wall interface, and data from
these tests with both the smooth and rough solid walls are in excellent

agreement with the computer simulation results.

To increase simulation efficiency, a major effort has been made in
development of a graphics-oriented interactive finite-element model for
simulating trensfer of heat, moisture and momentum in vortex flows. A
finite-element analysis computer program (UDCFLOW) has been developed at
upcC. Solutions have so far been obtained for transient one-dimensional
heat and momentum transfer and two-dimensional momentun transfer equa-
tions. In addition, the UDCFLOW program has been integrated with the
PDA's graphics-oriented PATRAN software package for finite-element
analysis pre- and post-processing. Successful runs of the program for
several interesting problems have been made by the author and his co-
workers. Extension of runs to problems of vortex flow in marine atmos-
pheres will need more extensive computer facility than the VAX-8650 which
the author has been using. Effort is now being made by the author to
access to "Super-Computers" to test applicabiliy of the program to sfudy
full-scale tropical cyclones in marine atmospheres. In addition, inves-
tigations are being made of possible permatations of index structure for
the large-scale Jacobién' metrices so as to decrease the central memory
requirements for the Jacobians and to reduce the CPU time for their

evaluation.
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HEAT, MOISTURE AND MOMENTUM TRANSFER IN TURBULENT VORTEX FLOWS
OVER THE WATER SURFACE

J. Chi, Professor of Mechanical Engineering
University of the District of Coiumbia
Washington, D.C.

ABSTRACT

This paper presents a numerical simulation of

turbulent vortex boundary lavers on the water surface.
The model of turbulence emploved is one that the tur-
bulence energyv and its dissipation rate are calcnlated
by way of trangport vquations which are solved sinml-
tanvously with the vortex boundary layer mean {low

equations for conservations of mass, momentum, energy

and molisture.

The model considered includes influen-

ces of the buoyancy, Coriolis and centrifugal forces,
the air/water interface roughness, and the interface

water droplet entrainment.

Although lack of turbulen-

ce measurements over the water surface prevents a3 com-—

lete comparison of the present theory with experiments,

good agreement is obtained with available experimental
data for the vortex boundary layer over simulated wa-
ter surfaces.

NOMENCLATURE

Cp = constant pressure specific heat

Cz = a constant in equation for calculating the water
surface rougliness !

f = Coriolis parameter

g = gravitational acceleration

H = mean moist specific enthalpy defined as (S‘Qv)

H, =surface moist static energy flux

k = turbulence kinetic energy

L = water latent heat of vaporization

Q ®= mean total moisture mixing ratio defined as
(9,q,)

Q, - liquid water mixing ratio

Qv = water vapor mixing ratio
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2,

surface total moisture flux
radial distance
Richardson number

mean dry specific vathalpy defined as € [T-(T,
~g2/C )] b

virtual dry specific enthalpy defined as S(l+
1.609Q_-Q)

temperature

standard temperature

mean velocity component in radial dicection
surface frictional velocity

mean velocity component in tangential direction

mean tangential velocity at the vortex outside
radius

mean velocity component in vertical axial direc-

tion

dependent variables

vertical avial distance

length

water surface roughness

first layer of air mext to the air/water inter-

face
a coefficient in finite difference equations

expansion coefficient or a coefficient in finite
diffcrence equations

a function of Richardson number defined in text




Y = a quantity defined as (L/C )(3Q /3T ) or a coef-
ficient in finite differenfe equatibne

a coefficient in finite difference equations
boundary layer thickness

turbulence energy dissipation rate

a quantity defined as CPT./L

azimuth angle

turbulent kinematic viscosity

Prandtl/Schmidt numbcr for turbulent diffusion
Y = a function of Richardson number defined in text
SUBSCRIPTS

g = gaturated vapor

h = pertaining to diffusional transport of moist

specific enthalpy

pertaining to diffusional transport of turbu-
lence energy

values of the radial position where the main

vortex tangential velocity is maximum or the

vertical grid position in a ftinite difference
scheme

grid position at the vortex top boundary

the horizontal grid position in a finite dif-
ference scheme

grid position at the vortex outside radius
pertaining to diffusional transport of moisture

pertaining to diffusional transport of dry spe-
cific enthalpy

pertaining to the dependent variable X

pertaining to diffusional transport of turbu-
lence dissipation rate

lower boundary of an air vortex at the anir/water
interface

air layer next to the air/water interface
outside radial boundary of an air vortex
top boundary of an air vortex
IRTRODUCTION

In their earlier papers, the present author and
his co-workers reported several numerical simulation
results for the turbulent vortex boundary layer on

smooth solid surfaces, using the Karman's integral
method (1]. The mixing length theory [2), and the

! The number in brackets refer to the references at
the end of the paper
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turbulent energy method [3], respectively. Recent ad-
vances in turbulence modeling and numerical methods
(e.g., sec Harlow and Hirt[4], Gibson and Spalding [5],
Hanjalic and Launder (6], Mellor and Yamada (7], Le-
wellen [8), and Chi [9]) have made it a common praz-
tice to solve simultaneously transport equations for
turbulence quantities with conservation equations for
mean flows. Many parameters for cumplex turbulent
flows can now be simulated by numerical methods. In
this paper, the suthcr presents a numerical simulation
of turbuleut vortex boundary laver flows over the wa-
ter surface like that shown in Fig. 1.

WATER SURFACE

Fig. 1 Sketch of the Vortex Flow Over a Water Surface

The flow situation shown in Fig. ] occurs in na-
cural atinspheres such as the marine planetary boun-
dary layer of tropical cyclones as well as engineer-
ing devices such as wet cvclones and thermal proces-
sors. It presents many challenging problems which are
of interests to researchers in areas of heat and mass
trangfer, fluid dynamics and marine meteorologry. The-
se problems include the boundary layer heat, moisture
and momentum transfer; turbulence production, dissi-
pation and diffusion; strong influence of the gravita-
tional, Coriolis and centrifugal forces; and influence
of air-water interface roughness and liquid droplet
entrainment.

The model of turbulence employed in this paper is
one which calculates the turbulent kinetic energy k
and its dissipation rate ¢ by way of their transport
equations. The turbulent kinematic viscosity wiil be
calculated from k and ¢ values [10],
v * 0.09k?/¢ )
Mean conservation equations which will be solved si-
multaneously are those not onlyfor balances of mass and
momentum but also for balances of the moist static
energy and the total moisture mixing ratio so as to
enable the model to simulate both the air/water inter-
face evaporation and the interface water droplet en-
trainment. The Coriolis force due to earth rotation
and the centrifugal force due to the flow circulation
are included in formulating the model momentum balance
Influences of buoyancy force and surface roughncss are
accounted for in formilating the model turbulence




trangportation and the model flow boundary conditions.

In subsequent two sections of this report, guver-
ning equations for the model are derived along with
their relevant initial and boundary conditions and
therre solution procedure; ond results are presented
and discussed.

THE MGDEL

Governing Equations

Coordinates are chosen so that z axis is vertical,
r axis i9 in the radial direction and ¢ is the aziwuth
angle. When the Boussinesq and boundary layer appro-
ximations and the axigymwmetrical and quasi-steady flow
assumptions are used, governing equations for conser-
vations of mean mass, mean motion radial-direction mo=-
mentum, mean motion tangential-direction mowentum,
mean motion moist static energy, mean motion total mo-
isture mixing ratio, mean turbulence kinetic energy
and mean turbulence dissiparion rate become

e av (2)
cJr Je

U 3v v Ve 3, au

Uom ¢ W= = [(£e IV =(f+—)V ]+ —(v —) (&)

or ez r T - ez taz

v v

e e Yy e 20 Y (&)

or 3z r dz taz

M aH 3Vt e
TELUETLL g I L. (s)

T éz 3z oh 9z

Q. .2q _ 3 ,% a9
U= e Wt = (= 2 (6)
ar 42 iz o 2

ak sk 3Vt ak
I G L))

ar ez dz ak z

, s
vov (A, (&l B8 vy )
4 dz [} dz
s
ac de _ 2 't ac
TRETI E(ac 72)
as
< Wy., (VB vy ]
s VAP TG ) o, el (8)

In the above equations, U, V and W are the mean
velocity components in the r, ¢ and z directions; and
H is the mean moist specific enthalpy, Q the meantotal
moisture mixing ratio, k the mean turbulence kinetic
energy and ¢ the mean turbulence energy dissipation
rate. The turbulent viscosity appearing in the diffu-
sion term is calculated by equation (1). The turbulent
exchange coefficients for diffusions of the moist sta-
tic energy, the total moisture ratio, the virtual dry
speflicic enthalpy, the turbulence kinetic encrgy and
the turbulence dissipation rate are reluted to the tur-
bulent viscosity through the turbulent Prandtl-Schmidt
numbers which are all supposed to take on the follow-
ing constant values:

(9)

(o, 0

h %y

¢ ) =(0.9,0.9,0.9,1.0,1.3)
s 3

’ kl
In the above equation set, the turbulence stresses
and fluxes have been modeled by the expression [(v /o )
(ax/23z)] in which X represents any mean quantityof a
dependent variable value. Values of [(v /o )(aX/az))
in equations (2) through (8) can be calcilafed ‘rom the
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predicted X distributions. However, the buoyancy terms
in equations (7) and (B) contuin a derivative of S
which is not one of the directly predicted variablés.
In order to relate (S /az) to the predicted variables
H and Q, we follow a derivation discussed by Moeny and

Arakaws [11]), which yiclds the following relativnshipe:
3, 3 (0.609z - 1)La

=o | - £ Q] (for clear region)(10)
ez s uhaz aqaz
aSv (1+1.609¢y)sl ¢L3Q .
57" os[ -2 J (for cloudy region) (11)

(ley)o, 3z v dz
L q

H i 1 to (L/C_)(3Q /3T ), is ltoCT/
ere vy 18 equa o p Qg ] g { 18 equa [°] plo

L, and sufir g stands for the saturated watercondition.
Equations (2) through (8) together with the auxiliary
functions discussed above now form a model for turbu-
lent vortex flows over the water surface. In addition,
the boundary layer model requires specification of ini-
tial conditions and boundary values at the edges of the
flow.

Bortom Boundary Conditions

At the air/water interface, both the water surface
roughness and the surface layer stability influence the
air vortex bottom boundary conditions, The water sur-
face roughness length can be calculated by the equation
[12]):

4

z " CZU*/g (12)
where U is the surface frictional velocity, g the gra-
vitational acceleration, C_ & constant whose value de-
pends on the extent of the flow field., Tor example,
for the air/sea interface it is equal to 1.6x10"%, for
the laboratory wave channel [12] it is equal to 1.12x
107, and for the UDC vortex chamber [9]) which will be
discussed later in the paper it is equal to 5.58x1077.

For numerical modeling, the boundary layer in the
vortex flow is divided into horizontal layers and con-
centvic cylindrical surfaces. The first bottom layer
will be at a height z=z,. U, V, K and Q values at the
surface layer can be calculated by the equations {13,141}

(Wie vH e 2,500, (1n(4) + w(ri)] an
L]

(H,- H,) = 1.85H,(In(E1) + o(Ri, )] (14)
L

(Q,- Q) = v.sso,[1n<§l) + 8(Ri )] (15)
L]

Here U,, H, and Q, are the surface frictional velocity,

the surface moist static energy flux, and the surface

total moisture [lux, respectively; and the Richardson

nunber Ri iy deflined as follows:

s
v

iz

Y
’

AU
Ri = [0.4g(=S)(502)/(u)s, (16)
 §

The stability functions Y(Ri) and 6(Ri) are calculated
by the equations:

Y(Ri) = 4.7Ri [for Ri 11
= ‘ln(O.S[l'(|-|5Ri)s])-lln(0.5[l*(l’lSRi)tH
02tan"(l-lSRi)t-0.5n [for Ri 1)

>

(17)

<




6(Ri) = 6.35R1 [for Ri
o -21n(0.5[l‘(l-9Ri)il] [for Ri

| v

1
1] (18)

~

k and ¢ values at the bottom boundary layer can be
calculated by the equations [15]:

ko= 3.3302C144 7RI )TY [for Ri > 1]
- J.JJUi(I-ISRi.)% [for Ri < 1] (19)
¢ = 0.u12/ %7 (20)

Top Boundarv Conditions

Mean velocity components for the main vortex
flow at 2z=2+ and all r have been calculited by nume-
rous workers, e.g., see Root(16], Sullivan [17] and
Lewelleo [18). The result can be represented accura-
tely by the equations:

(v,)_(r) 2.506v

- e L, r\?

v, - —_— {1 - expl~ TE?T:;:(;;) D] (21
"Avmrm [

V’ -r_ {1 - exp[-l.ZSJ(r—) ]J (22)

m

where suffix + represents values at the top boundary,
suffix = represents values at large radius, and suffix
m represents values at a position in the main flow
where the vortex tangential velocity is maximum. In
the main flow, the mean moist static energy H and the
mean total moisture ratio ) values are expected to be
linear with respect to z.  Hence their top boundary
conditi .8 are as follows:

2

§;¥ =0 (23)
b

g;g =0 (24)

The values nf k and ¢ at the top boundary can be de-
termined from the degenerative forms of equations (7)
and (8) which result when gradients with respect tc z
are set to zero. That is,

<
ak +
- -T (25)
2(: t)'
L. (26)
ar (U S(k _

Side Initial Values

For the side boundary initial values, the boun-
dary thickness 4, the radial velocity amplitude value
E and the surface frictional velocity U at the ocutside
radius t = r_ may first be calculated by a Xarman's
integral method [1]}. Initial values for U, V, It and
Q at r=r, and all z can then be represented by the
following functions (1,14]:

2,50,
v lln(——) + v(Ri)] 27
(I‘EmE
vz (v,) .
U= EV(%[1 » con(jr)l)(l - 20 - ETV?T:](:)
(1 - o 127 (28)

E(V ) "'z,
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0=, = 1.85H*lln(;L) + 0(Ri)] (z4)
0

Q-q, = l.ssq*lln(fi) + 0(Ri)] (30)
*

Here Ri, Y and © values are determined by equations
(16) through (18), respectively. The side turbulence
energy profile may be represented by the polynomial
{19}

ko= ()70 = 26501 3O -2 1e3D)) (D

in which (k,)_ is the bottom boundary turbulence energy
value at rer_ It can be calculated by equation (19).
Value for the side boundary turbulence dissipation rate
is related to the turbulence energy value by the equa-
tion:

¢ = 0.a12672,7! 2

Solution Procedure

The conservation equations (3) through (8) for U,
V, H, Q, k and ¢ have a parabolic form of

v
ax ax 3 t X
Ay L L1

Uar ¢ W Sz(cx a;) + Source (33)

Several finite-difference methods of solution for equa-
tion (33) are available in the literature {20}. We ha-
ve written a computer propram following an extension of
the implicit procedure piven by Crank and Nicholson {21,
Using a rectangular grid system on the (r,z) plane with

- + = 2
LI L Arn (n=1,2,...,N)

z =z + 4z (m=1,2,...,M) (34)
m+ 1 m ™

The equation set (33) for different quantities of the
model independent variables are approximated at the po-
int (rn“,zm)and written in the form-*

a™x" e g™ e (M e " (35)
m m-] mm m me] m

Here at n=N, values of X are equal to the side initial
values at rer o3 "t m=l, values of X are equal to the
bottom boundary values at z=z,; and at m=M, values of M

are equal to the top boundary values at ez . Integra-

Liny, ecquation (33) Trom n=N=t with wm lrom 1 Lo M, va=

rues of x” with m {rom | to M can be determined.  Va-
|||

lue of n t8 then reduced by one to determine The

process is continued, until it covers the vho?e (r,2)
dor.:in for the problem. Structural details of the pro-
gram can be found in a paper by Chi and Glowacki [2].

RF.SULTS AND CONCLUSION

- In order to establish cotfidence in the present mo-
del, some messurements of the turbulent vortex flow ha-
ve recently been made (on a UDC vortex test chamber) by
the author and a co-worker. Details of the experimental
set-up (Fig., 2) were given by Chi and Hinds [9). Brief-
ly, the test chamber's overall dimension is 55-cm diame-
ter by 90-cm high. It generates an air vortex of 30.48-
cm diameter by 15-cm high. The vortex is generated bv
forcing air through 24 evenly spaced vanes of 15-cm high
placed on a 30.48-cm diameter pitch circle. The swirl-
ing air discharges from the chamber thirough a 3.81-cm




diameter hole located at center of the chamber's top
disk. Bottom of the swirling air is in contact with
s pool of water which can be maintained at a constant
depth and at desired temperatures. A scaled needle
probe mav be inserted vertically from the bottom into
the chamber at different radial positions to measure
mechanically the wave heightes.
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\ — NATRR === = 'NTFRFACE
f‘*téﬁﬁfﬁfﬁfﬁil__ AR FLOW
&g TURBULENCE
PRObEL
vl e

Fig. 2 Schematic of a Laboratory Vortex
Chamber with Air/Water Interface

Because the chamber is not currently instrumented
to compensate for influences of water entrainment on
the air flow measurement, dircct measurements of air
velocity over the actual vater surface have not buen
made. Solid surfacem of different roughness heights
were used to simulate phywsically the air/water inter-
face roughness. The hurizontal component of velocity
and its dircction in the vicinity of the rough solid
surfuce have becn mcasured by a directionully sensi-
tive wedge-ghaped hot-film probe. The hot film was on
the axis of the cvlindrical stem of the probe, and the
probe was traversed axially through the bottom plate
at different radii so that the horizoutal velocitive
at different rudii and heights could be measured. Fi-
gures 3 and 4 show tt  measured vortex boundary layer
velocity profiles, U and V, respectiveiy, versus z at
several radii and with the surface roughiness volues
indicated,
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Fig. 4 Predicted and Measured Tangential Velocity on
Solid Surface. (Keys: o & , Measured & Cal-
culated Values on Smooth Surface; o & =-~~. Mca~-
sured & Calculated Values on Rough Surface of
Sand Grain Mesh £#120)

As numerical examples, the computer program for
the present model has been run to simulate the turbu-
lent vortex boundary layer fiows under the same main
vortex conditions as in the experiments but with seve-
ral different bottom surface conditions as follows:

1. Smooth solid surfacce,
2. Sand-roughness solid surface, and
J. Actual water surface.

For smocth solid surfuce calculutions, z, vatucs
were calculated from ¢, equal to 0. 111v/Us, and for sund
roughnesg-surface calcula ions, z, vajues were calcula-
ted from z, equal to 1/3Uth of the sand grain height.
Both of these relationships have been obtained from
Schtichting (22 The predicted radial velocity U and
tangential velocity V over the smooth and rough surfa-
ces are plotted versus z for several radiiinFigs. 3 and
4 for comparison with the experiments., The ability of
the present theory to correlate the measured mean velo-
city profiles in turbulent vortex boundary layers over
smooth and rough solid surfaces is demonstrated inFigs.




J and 4 by excellent agreement between the prediction
and experiments.

In predicting the vortex boundary layer flow on
the actual water surface, equation (12) was used to
calculaste the air/water interface roughness. Constant
C, for equation (12) was chosen to be 0. 1558 so that
the numerically simulated air/water inte.iace roughness
values z, were in close agreement with the 1/30th of
the messured water wave heights. Calculations have
been made with the assumptions that the malnvortex air
is maintained at 20°'C and 50% relative humidity (i.e.,
with H,=16.8 kJ/kg and Q.=0.007 kg/ke) and thot air at
the water surface i{s waintained nt 25'C and 100T rela-
tive humidity (i.e., with H,=53.0 kJ/kg and Q,=0.020
kg/kg). Figm.5 through 9 show plots of the calcula-
ted radial velocity, tangential circulating velocity,
moist static specific enthalpy, total moisture ratio
and turbulence energy profiles for the vortex flow over
the sctual water surface.
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Fig. 6 Predicted Tangential Velocity Over a Water Sur-
face

Many interesting characteristics for the vortex
boundary layer flow can be obssrved from the above pre-
sented numerical simulations. tear the air/water inter-
face, retardation of the tangential velocity is seen in
Figs. Jand 6. This retardation is accompanied by a re-
duction in the centrifugal force; the balance between
'ressure and the centrifugal force is therebyvdestroyed.
Ihe flow in this region is thus characterized bv the
entrainment of air from the main vortex into the boun-
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Surf{ace
dary laver as indicated bv an excess of the radial velo-
city inside the boundary laver over its value in the

main vortex at the same radius, Effects of the solid
surface roughness and the water surface waviness can be
seen in Figs. ), 4, 5 and 0 to increase the boundary
layer thickness but to decrecase the abruptoess 1o dece-
leration of the tangential f{low and in acceleration of




the rac:a. flow. In addition, the large radial inward
veioci:zv inside the vortex boundary laver carries cir-
culation, static enthalpy, molsture content and turbu-
lence emergy from large riadil to a position near the
axis oY svmmetry as can be seen at small radius in Fi-
gures - and o of the large V, in Fig. 7 of the large
(H="H,", in Fig. 8 of larye (Q-9,), and in Fiyg.9 of
the large k.

In conclusion, a numerical simulation of turbu-
lent boundary laver flows on the water surface has
been deveioped. The model of turbulence emploved is
one that the turbulence energy and its dissipation
rate are calculated by wav of transport equations.
which are solved simultaneously with the vortex boun-
dary laver conservations of mass, momentum, moist
static enthalpy and total moisture ratio for the mean
motion. As far as possidble, predicted flows are com=
pared with available measured mean values in the vor-
tex bounlary laver. The ability of the present model
to corre.ate the empirical data is shown to be good
(see Figs.Jand&4). In addition several inceresting
characteristics of turdulent vortex boundary layer
£lows over the water surface are predictzed by the mo-
del. Presictions of the radial inward convergence of
mass, c:ireoulation, enthalpy, molsture und turbulence
energy frcm large racii to a position near the axis of
symmezry are in agreement with the known physical
L3awWs.
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ABSTRACT

thermal and fluid
both in scientific

Computer-aided modelinag of
systems has gained acceptance
research and incdustrial design. Typical CAD/CRE
systems for thermal/fluid modeling include a
finite element analysis code and graphic facili-
ties for pre- and pcsti-processing. The authors
have developed at UDC several thermal/fluia sys-
tems simulation compuiter programs [1-3]. A fi-
nite element analysis computer prograr UDCFLOW
has now been integrated with the PATRAN graphic
software package for finite element pre- and
poSt-processins. In corder to introduce students
to the new material and to demonstrate to stu-
dents that the encineer must stay abreast of
current developmernts, UDCFLCW and PARTRAN scftware
packages are being used to teach students at UDC
the transient characteristics of fluid flow and
heat transfer.

INTRODUCTION

Traditional introductory fluid mechanics and
heat transfer courses cover simple fluid flow and
transfer prcbliems in a2 sequential and com-
partmental fashior. Studies of the transient
fluid low and heat transfer problems are often
limited to those probiems for which either the
closed-form solutions or tabulated functions are
readily available. By providing students with a
finite element fluid/thermai analysis computer
program integrated with the graphic pre- ang
post-processor, the depth and breadth, as well as
the students' mastery of materials covered in the

fluid/thermal courses, can be increased over the
traditional approach.

Generalized computer programs which allow a
wide variety of fluid/thermal systems to be mo-
deled and simulated have recently been developed
and they are becoming commercially available.
Examples of these programs include Fidap,
Flotran, Fluent and Phoenics {4,5]. However,

source codes for these programs are not available
to students, and no single software is always
superior to the others. For classroom adaptation,
it is necessary to have a program developed by
the instructor for the instructional purpose of
relieving the students of arithmatical drudgery,

Professor &nd Crairman
¢ Teaching Ass:stants

Eskinder Berhanu

Mohammad H. Ranje

Mechanical Engineering

University of The District of Columbia
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routine solution of rmore
and developing their ability

permitting them the
involved problems,

to modify programs for dealing with new phe-
or :na. For this objective, the authors have
developed a UDCFLOW finite element fluid/thermal

analysis computer program.

In this paper, the UDCFLOW computer program is
described first. Interface of UDCFLOW with
PATRAN finite element graphic re- and post-
processing software package is then reviewed.
Finally, examples of coursework that uses the
UDCFLOW/PATRAN softwares are presented.

UDCFLOW FINITE ELEMENT COMPUTER PROGRAM
AND PATUDC FOR PATRAN/UDCFLOW INTERFACING

UDCFLOW is a general-purpose computer progran
which is being developed at the University of the
District of Columbia. To facilitate efficient
simulation under a wide variety of conditions,
the UDCFLOW has been intergrated with the PATRAN
software package for graphic pre- and post-pro-
cessing of the finite element analysis. Althouch
the UDCFLOW computer program is being developed
for simulating 3-D heat, mass and momentum trans-

fer. For use in the undergraduate classroom, a
version of UDCFLOW for solving the general 1-D
heat, mass and momentum transfer problems has
been employed.

The governing equation for the general 1-D
convection and diffusion problem can be written
as:

aT aT _ Ah . qA ., 3 kAT
Aat + AU Y oC (Te T) + oC + ax(oC = (1)
P P

and the required boundary conditions for the
problem are as follows:
At x=0: -[(M/nCP)aT/ax]o= YoTe,o’ °, (2)
At x=L: ((kA/on)aT/Bx]g= YlTe,14 o, (3)
In the above equations, t is the time, x the
coordinate, T the temperature, U the velocity, A
the cross-sectional area, A the prrimeter, ¢ the
density, C, the specific heat, k the thermal
conductivity, h the heat transfer coefficient, g
the heat source per unit volume and T_the envi-

ronmental temperature, and vy,. Cq. Y and N
constant values at the domain boundary.

are
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The
zation of eguatiors
of coupled nonlinear ordinary differential egua-
tions:

Galerkin finite element spatial discreti-
(1) to (3) leadr to a system

[Cla}" + [K]{a} + (5} = C (4)
Here, [C] is the capacitance matrix, [K] the sum
of convective and conductance matrix, (S} the

source vector, and {u) the time-dependent temper-

ature values at nodal points of the solution
domain. Ak Newton-Ralphson iterative procedure
{6] has been used to sclve the equation set (4)
for the {o(t,x)} values, and a computer program
UDCFLOW has been developed to facilitate the
calculations. In addition, UDC has developed an

interface between the PDA's PATRAN modeling soft-
ware ané the UDC's UDCFLOW finite element
analysis computer program.

The PATRAN program provides an interactive,
graphics-oriented environment for creation of a
geometric and finite-element model and for dis-
play of analysis results. The interface allows
PATREN tc be used for the model creation and
post-processing steps and UDCFLOW to be used for
the analysis. The interface consists of a stand-
alore translator program PATUDC that will read
the PATRAN model data and transform it into a
UDCFLOW input file. After fluid/thermal analysis
by UDCFLOW 1s complete, the results can be trans-
ferred back to PATRAN for post-processing dis-
play.

CLASSROOM ADAPTATION AND WORKED EXAMPLES

For classroom instruction of the thermal/fluid
syster modeling using the PATRAN and UDCFLOW
softwares, students may first be introduced to
the use of PATRAN tc generate geometric and
finite element models for a variety of

fiuid/thermal systems. They will then learn to
rur. the UDZ developed PATRAN/UDCFLOW interface
computer program PATUDC which will read PATRAN

model data and transform them into UDCFLOW
files.

input
Source codes for a version of the UDCFLOW
computer program will then be given to the
students. After the students have familiarized
themselves with the UDCFLOW program, they will be
assigned to solve a number of problems with dif-
ferent degrees of complexity. Se¢veral examples
nf these problems are presented below.

To illustrate the procedure, we will begin
with a simple 1-D transient heat conduction prob-
lem, with knowrn boundary temperatures. This will
be followed by more difficult transient problems
which begin to display the power and importance
of the modeling, analysis and display softwares.

Consider an infinite slab of thickness 0.3
meter which was discussed in reference [7].
Initially because of an electrical current

passing the slab, the slab is in the steady state
with a temperature distribution in degrees C 1is
given by the equation:

T o7 100

+ 400s1n(-x/0.3). (5)

4 »
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However, at time t=0, the electric current is
shut off, thus causing & transient in the ter-
perature, while the slab faces continue to be

held at 100 degrees C by & coolant. The thermal
diffusisity of the material is constant at the
value of 2.84x10 *m?/s. We would like tc fingd
the temperature within the slab as a functior of
position and time by using the PATRAN/UDCFLOW
softwares.

A model for this problem can easily be created
by using the following PATRAN commangds:

GR,1,.0
GR,2,TR,0.3,1
LI,1,s1,,1,2
GF,1L,G, 33
CF,1L,BAR
PM,1,TAN,...
PM,2,TAN, ...
PM,3,TAN, ...
PM,4,TAN, ...
PM,5,TAN, ...
PM,6,TAN, ...
DF,1L,...,1

The PATRAN output file PATRAN.OUT can then be
read by PATUDC interface program to produce a
UDCFLOW.DAT file which can be read by the UDCFLOW
finite element analysis program. Output file from
the UDCFLOW run, UDCFLOW.RST, can then be used by
the PATRAN post-processor P/PLOT to produce th:
X-Y plot ¢ temperature versus time. Figure 1

shows temperature distributions of the slab at
time equal to 0, 150, 300, 450, and 750 seconds,
respectively.
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Fig. 1 Simulated Transient Slab Temperature

For problems with exitance of combined convec-
tive, diffusion arnd internal energy source, let
us consider, for example, a problem which has the
following data:

0.0013952 ft

= 2,400 sin{ x/L)
SO 1b/ft

1.2 ft/s

= 1.1 Btu/lb.F

= 1.028 But/ft.F.s.

n

A
q
c
u
C
kP

(6)
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Initiall the fluid is uniformly at 200 degrees
F. At t greater than zerc, the temperature of the
fluic is held at 20C degrees at x egual to zero,
and gradient of the temperature dT/dx is main-
tained to be zero at x equal to L. Figure 2
shows resultant temperature distributions of the
fluiéd at several different time periods of t
equal tc 1, 2, 3, S, and 9 seconds, respectively.
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Fig. 2 Simulateé Transient Fluid Temperature

CONCLUSIONS

Computer-aided modeling of thermal and fluid
systems has gained acceptance both in scientific
research and industria: design. Typical CAD/CAE
systems for filuid/thermal modeling include finite
element anaiysis code and graphic facilities for
pre- ané post-processing. To instruct the stu-
dents early in their career, the authors have
developed at UDCT a finite element fluid/thermal
analysis computer program UDCFLOW which has been
intecrated with the PDA's interactive graphics-
oriented finite element modeling pre- and post-
processing software PATRAN. It resulted in an
efficient system which the students can use to
gain hands-on experience in computer-aided
modeling of the fluid/thermal systems and to
solve more involved problems than was previously
possible. It is hoped that this will enhance the
students' learning experience and increase their
problem solving abilities.

ACKNOWLEDGEMENT

This work has been partially supported by the
Office of Naval Research; the authors wish to
express their appreciation for its support.

REFERENCES

{1) Chi, J., (1977): "Numerical Analysis of Turb-
lent End-wWall Boundary Layers of lIntense
Vortices," J. Fluid Mech., Vol.82/pPt.2,
pp.3C%-333. -

{2) Ch:, ., (1%927): "Heat, Moisture and Momentum
Trarsfer ir Turbulient Vortex Flows Over the
Waser Surface," Proc. 1987 ASME/JSME Thermal
Engineer.in; Tonference, pp.627-633.

[3} Chi, J., (1988): "CADSES--k Computcr-Aided
Design System for Simulation Studies c¢f
Energy Systems," Proc. 1988 ASEE Annual
Conference, pp.777-781.

[4) Iannuzzelli, R, and Hutchings, B, (1986):
"Fluid Dynamics Software Gets Down to Work,"
Mechanical Engineering, Vol.109/No.7, pp.60-
63.

[5]) Hutchings, B., end Iannuzzelli, R, (1987):
"Fluid Dynamics Software: A First Look,"
Mechanical Engineering, Vol.110/No.5, pp.72-
76.

[6]) Baker, A.J and M.O. Soliman, (1982): "Current
Topics on Finite Element Analysis for Flows
with Large Reynolds Number," Proc. Interna-
tional Svwposium on Finite Element Flow Ana-
lysis, pp.129-136.

(7] Sucec, J., (1985}): "Heat Transfer,” Wm. C.
Brown Publishers, Dubuque, Iowa, 837pp.

JOSEPH CHI, PH.D., P.E.

Professor Joseph Chi received his B.S. and
Ph.D. Degrees from the University of London,
London, England, in 1960 and 1965, respective-
ly, and he is a registered professional mechan-
ical engineer in the District of Columbia. He
has since 1966 held faculty positions at the
Catholic University of America, the George
Washington University, and the University of
the District of Columtia, and he has also been
employed by the Nationai: Bureau of Standards
for two years. He holds presently a position
of Chairman and Professor in the Department of
Mechanical Engineering at the University of

the District of Columbia, and the Chairman of
the ASME Washington D.C. Section. He has pub-
lished two textbooks and over 50 research
papers in the areas of engineering education,
heat transfer, fiuid wmechanics, and computer
applications.

ESKINDER BERHANU, M.S.

Eskinder Berhanu received his B.S. in Mechan-
ical Engineering from Addis Ababa University in
1983 and his M.S. in Mechanical Engineering
from Howard University in 1988. He is currently
working as a research engineer at the at Me-
chanical Engineering department of the Univer-
sity of the Distrirt of Columbia.

MOHAMMAD H. RANJE, M.S.

—
Mohammad H. Ranje received his B.S. in Mechan-
ical Engineering from University of the Dis-
trict of Columbia in 1982 and his M.S. in
Mechanical Engineering from Howard Univers:ty
in 1988. He is currently working toward a Ph.D.
Degree at Howard University.

L

» 1989 ASEE Annual Conference Proceedings

790




